The transmission-line analogy of the planar electromagnetic reflection problem is exploited to obtain a transmission-line model that can be used to design effective, robust, and wideband interference-based matching stages. The proposed model based on a new definition for a scalar impedance is obtained by using the reflection coefficient of the zeroth-order diffracted plane wave outside the photonic crystal. It is shown to be accurate for in-band applications, where the normalized frequency is low enough to ensure that the zeroth-order diffracted plane wave is the most important factor in determining the overall reflection. The frequency limitation of employing the proposed approach is explored, highly dispersive photonic crystals are considered, and wideband matching stages based on binomial impedance transformers are designed to work at the first two photonic bands. © 2010 Optical Society of America OCIS codes: 130.0130, 050.0050, 050.5298, 260.0260. Reduction of the insertion loss in coupling the light into the Bloch modes of photonic crystals (PCs), for the most part near the photonic bandgap where the anomalous propagation effects occur, has been the subject of intensive research in recent years [1] [2] [3] . Among the different methods that have been thus far proposed to lower the coupling loss, adiabatic transition is held to be robust, wideband in frequency, and working at a wide range of acceptance angles [3] . On the other hand, interference-based methods [1] are branded to be applicable for a small range of frequencies and/or incident angles [3] . Quite the opposite, interference-based matching stages are popular in electrical engineering, where wideband transmission-line (TL) matching transformers are straightforwardly designed and are proved to be as robust and wideband as adiabatic matching stages. It is the goal of this Letter to design interferencebased matching stages for PCs corresponding to robust and wideband TL matching transformers in electrical engineering. To fulfill this goal, accurate enough impedance is to be introduced for twodimensional PCs. This problem was already solved in the most general case by Lawrence et al. in [4, 5] , where the electromagnetic field distribution is represented by a superposition of Bloch orders and thus a general matrix definition of PC impedance is given in terms of Bloch modes. This general approach yields a rigorous impedance matrix; however, it associates PCs to multiconductor coupled TLs and is therefore difficult to be used for the uncomplicated contriving of matching stages. In many applications, however, the rigorous impedance matrix corresponding to multiconductor coupled TL collapses into a simplified scalar impedance, corresponding to uncoupled ordinary TL. The latter is useful to design wideband interference-based matching stages. Although it is possible to employ either the simplified form of the general approach in [4, 5] or few other ad hoc scalar impedance definitions that have already been reported in the literature [6, 7] to get the sought-after scalar impedance, we here propose a new approach to have it extracted. Our numerical calculation shows that the performance of the here-proposed characteristic impedance, at least for matching purposes, and at low frequency region (i.e., the region of interest in most of the in-band applications) can be slightly better than that of the effective impedance obtained by using the power flux [6, 7] and the zeroth-order Bloch analysis [4] .
Reduction of the insertion loss in coupling the light into the Bloch modes of photonic crystals (PCs), for the most part near the photonic bandgap where the anomalous propagation effects occur, has been the subject of intensive research in recent years [1] [2] [3] . Among the different methods that have been thus far proposed to lower the coupling loss, adiabatic transition is held to be robust, wideband in frequency, and working at a wide range of acceptance angles [3] . On the other hand, interference-based methods [1] are branded to be applicable for a small range of frequencies and/or incident angles [3] . Quite the opposite, interference-based matching stages are popular in electrical engineering, where wideband transmission-line (TL) matching transformers are straightforwardly designed and are proved to be as robust and wideband as adiabatic matching stages.
It is the goal of this Letter to design interferencebased matching stages for PCs corresponding to robust and wideband TL matching transformers in electrical engineering. To fulfill this goal, accurate enough impedance is to be introduced for twodimensional PCs. This problem was already solved in the most general case by Lawrence et al. in [4, 5] , where the electromagnetic field distribution is represented by a superposition of Bloch orders and thus a general matrix definition of PC impedance is given in terms of Bloch modes. This general approach yields a rigorous impedance matrix; however, it associates PCs to multiconductor coupled TLs and is therefore difficult to be used for the uncomplicated contriving of matching stages. In many applications, however, the rigorous impedance matrix corresponding to multiconductor coupled TL collapses into a simplified scalar impedance, corresponding to uncoupled ordinary TL. The latter is useful to design wideband interference-based matching stages. Although it is possible to employ either the simplified form of the general approach in [4, 5] or few other ad hoc scalar impedance definitions that have already been reported in the literature [6, 7] to get the sought-after scalar impedance, we here propose a new approach to have it extracted. Our numerical calculation shows that the performance of the here-proposed characteristic impedance, at least for matching purposes, and at low frequency region (i.e., the region of interest in most of the in-band applications) can be slightly better than that of the effective impedance obtained by using the power flux [6, 7] and the zeroth-order Bloch analysis [4] .
To obtain the scalar impedance, a two-dimensional PC of length l, sandwiched between two uniform dielectrics with wave impedances Z h,in and Z h,out , is considered. The reflection of the zeroth-order diffracted plane wave at the interface of the PC (outside the PC), exp͑j͒, can then be related to the input wave impedance, Z in , observed at the forefront interface of the PC [8] : Z in = Z h,in ͑1+ exp͑j͒͒ / ͑1− exp͑j͒͒. In this Letter, the Legendre polynomial expansion method is employed to extract diffraction orders [9] . The MATLAB code for this method is now available at http://ee.sharif.edu/~khavasi/ index_files/LPEM.zip. It is worth noticing that even though the zeroth-order reflected wave is considered for impedance extraction, more than one space harmonic can be retained in this calculation. In doing so, the accuracy of the extracted impedance is to some extent enhanced. The working frequency, however, should be low enough to ensure that the zeroth-order reflection is dominant in determining the overall reflection and that all higher diffraction orders are evanescent. This is the major limitation of applying the proposed scalar method in the following examples.
Once the scalar-valued impedance is extracted, the TL analogy of the planar reflection problem should be employed to introduce an appropriate TL capable of accurate modeling of the structure. It should be first noticed that the input impedance of a uniform TL with characteristic impedance Z c , propagation constant ␤, length l, and load impedance Z L reads as [8] 
Now, inasmuch as the electromagnetic reflection of the zeroth diffraction order is concerned, the considered PC can be substituted with a uniform TL model whose propagation constant ␤ = y is the normal component of the Bloch wave number within the PC, whose load impedance is Z h,out and whose characteristic impedance Z c yields the input impedance Z in given in the third paragraph. It is therefore possible to substitute Z in into Eq. (1) and find the characteristic impedance Z c of a uniform TL that can replace the considered PC. The obtained characteristic impedance depends on the wavelength and incidence angle. This dependence is not, however, strong enough to seriously degrade the bandwidth and sensitivity of TL-based matching transformers.
As an example, coupling of light at normal incident from a homogeneous Si region ͑ Si = 11.4͒ to a square lattice PC structure with lattice constant a, length l =20a, and circular air holes of radius r / a = 0.4 perforated in Si is considered. The electric field is parallel to the axis of holes. Here, we work at the lower edge of the second photonic band, i.e., n = / ͑2c / a͒ = 0.25 (where c is the speed of light in free space), and retain 11 space harmonics. The TL model of the PC in consideration has a characteristic impedance of Z c = 0.2575 0 ͑ 0 = 377⍀͒ and a propagation constant of ␤ = 2.3640/ a. It is worth noticing that keeping only the zeroth diffraction order in the calculation results in a different characteristic impedance that would have an error of 14.02%. Now that the proposed TL model is available, it should be matched to input and output regions with wave impedances Z h,in = Z h,out = Z h = 0.2962 0 . Here, a two-section binomial impedance transformer is designed. In accordance with [8] , the electrical length of each section is set as / 2, the characteristic impedance of the first section is Z 1 = Z c 1/4 Z h 3/4 = 0.2860 0 , and that of the second is Z 2 = Z c 3/4 Z h 1/4 = 0.2667 0 . These TL sections should be replaced with PCs. To this end, a square lattice PC with lattice constants a x = a (being parallel to the interface) and a y (being perpendicular to the interface) and with circular air holes of radius r is considered (see the inset of Fig. 1 ). In Fig. 1 , constant electric length contours ͑ = y a y = const.͒ of this PC together with constant characteristic impedance contours corresponding to one layer of it ͑l = a y ͒ are plotted with respect to normalized hole size r / a and aspect ratio of the lattice a y / a at the normalized frequency n = 0.25. One can now mark the wanted characteristic impedance and also the electric length of each constituent section of the TL matching transformer and then find the appropriate r / a and a y / a of the corresponding PC layer by using the constant characteristic impedance and constant electric length contours provided in Fig. 1 . The two-section binomial transformer can thus be substituted with two single-layer PCs of r 1 / a = 0.326, a y1 / a = 0.958 and r 2 / a = 0.399, a y2 / a = 1.068, respectively (see the inset of Fig. 2) .
The reflection performance of the two-stage binomial transformer designed by our proposed TL model is shown by solid curve in Fig. 2 ; it is placed on both sides of the PC. Additionally, the reflection performance of two other binomial transformers designed by using different characteristic impedances based on the scalar definitions given in [6, 7] are respectively plotted by dotted and dashed curves in Fig. 2 . For the sake of comparison, the reflection performance of the original PC without any matching layer is also plotted by the dashed-dotted curves. This fig Fig. 1 . Constant characteristic-impedance contours and constant electric-length contours corresponding to a square-lattice photonic crystal of length l = a y with circular air holes of radius r / a and an aspect ratio of a y / a. Fig. 2 . E-polarized reflection of a photonic crystal structure for four different cases: a two-section binomial transformer designed by using the proposed characteristicimpedance (solid curve), a two-section binomial transformer designed by using the impedance definitions of [6, 7] (dotted and dashed curves, respectively), and no matching stages (dashed-dotted curve).
ure clearly demonstrates the very good performance of the proposed two-stage binomial transformer designed by using the introduced characteristic impedance. It is worth mentioning that the here-proposed design has a very good angular performance and is still working at an incidence angle of 10°.
The applicability of the proposed method is further examined in Fig. 3 , where the first example presented in [4] is considered. The target is a semiinfinite two-dimensional square PC made of dielectric rods with refractive index n = 3.4 and normalized radius r / d = 0.18 placed in air. The solid curve in the figure depicts the results obtained by using the matching layer proposed by Lawrence et al. (see Fig.  2 in [4] ). For the sake of comparison, the proposed approach for extraction of equivalent scalar impedance is employed, and a TL model with Z c = 0.388 0 is found for this structure at the normalized frequency of n = 0.25. The design procedure of Lawrence et al. is then followed by using the new scalar impedance and two single-layer matching PCs with rod radii of r / d = 0.133 and 0.158, similar to the matching layer originally proposed in [4] , are found. The reflection performance of this new matching layer is then shown by the dotted curve in Fig. 3 . Furthermore, a two-stage binomial transformer is designed and fine tuned to match the considered semi-infinite PC to air. The parameters of each of the matching stages are established by following the line presented for the previous example. In accordance with the inset of Fig. 3 , the parameters read as r 1 / a = 0.137, a y1 / a = 0.826 and r 2 / a = 0.235, a y2 / a = 0.608, for the first and second stages, respectively. The reflection performance of the binomial transformer designed in this fashion is then plotted by the dashed-dotted curve.
These examples show that the proposed TL model can be used in designing interference-based wideband matching stages. Although the designed matching stages are not adiabatic and are therefore much shorter, they can have a wide frequency band and work with a large acceptance angle.
